Abstract. Chrysin (5,7-dihydroxyflavone) is a natural and biologically active compound extracted from honey, plants and propolis. It possesses anti-inflammatory activity, antioxidant properties and promotes cell death by perturbing cell cycle progression. In this study, our attention focused on the possible role that chrysin may have as a potential anti-cancer agent, and we tested its biological activity in murine and human melanoma cell lines (B16-F1 and A375). This study demonstrated that chrysin reduced melanoma cell proliferation and induced cell differentiation in both human and murine melanoma cells through synthesis increase and intracellular accumulation of protoporphirin IX (PpIX). Furthermore, following treatments with chrysin an increase in the expression of porphobilinogen deaminase (PBG-D) was noted. This study demontrated also that chrysin induces cell death in human and murine melanoma cells through caspase-dependent mechanisms, involving down-regulation of ERK 1/2, and activation of p38 MAP kinases. Induction of cell death may be a promising therapeutic approach in cancer therapy. Our results suggest that chrysin may be considered a potential candidate for both cancer prevention and treatment.
Introduction
Flavonoids are a class of plant secondary metabolites, they are a group of more than 4,000 polyphenol compounds and possess a common phenylbenzopyrone structure (C 6 -C 3 -C 6 ), and are categorized into flavones, flavonols, isoflavones, flavanones and flavanols. Falvonoids are found in fruits, vegetables as well as in wine, tea and honey, and represent a common constituent of human diet (1) . Flavonoids have been reported to possess many useful properties including antiinflammatory activity, anti-oxidant activity, enzyme inhibition and cytotoxic anti-tumor activity (2) . Molecular studies have related that flavonoids can exert modulatory action in cell by interacting with a wide spectrum of molecular targets central to cell signaling machinery, like mitogen-activated protein kinases (MAPK) (3, 4) . Chrysin (5,7-dihydroxyflavone), an apigenin analog, is a naturally active compound of the flavone group extracted from honey, propolis and plants (Fig. 1) . Several studies in recent years have shown that chrysin has multiple biological activities such as anti-inflammation and anti-oxidation effects (5, 6) . It has been found that chrysin possesses cancer chemopreventive activity through arresting cell cycle progression (7, 8) , and inducing apoptosis in different malignant cancer cells (9, 10) .
Apoptosis (programmed cell death), is a normal component of the development and health of multicellular organism. Apoptosis also occurs as a defense mechanism such as in immune reactions or when cells are damaged by disease or noxious agents (11) . Abnormalities in cell death regulation can be a significant component of disease such as cancer. Cancer is an example where the normal mechanisms of cell cycle regulation are dysfuntional, with either an overproliferation of cells and/or decreased removal of cells (12) . Apoptosis is an extremely well-ordered process that is characterized by collapse of cytoskeleton, DNA fragmentation, and membrane bledding. Cells ungergoing apoptosis ultimately disassemble into membrane-enclosed vescicles (apoptotic bodies) that are engulfed by neighboring cells and phagocytes, thus preventing an inflammatory response (13) . The mechanisms of apoptosis are highly complex involving a cascade of molecular events. To date, research indicates that there are two main apoptotic pathways: the extrinsic or death receptor pathway, and the intrinsic or mitochondrial pathway (14) . The control and regulation of apoptotic mitochondrial events occur through the members of the Bcl-2 family of proteins (15) ; some of these proteins (e.g. Bcl-2 and Bcl-XL) are anti-apoptotic, while others (e.g. Bad, Bax and Bid) are pro-apoptotic. The sensitivity of cell to apoptotic stimuli can depend on the balance of pro-and anti-apoptotic Bcl-2 family proteins (16) . However, the intrinsic and extrinsic pathways have in common the key molecules of apoptosis, cysteine proteases known as caspases. Caspases are divided into activator (caspase-2, -8, -9) and executioner (caspase-3, -6, -7) (17) .
The differentiation process still represents a crucial point in development and progression of many cancer types, such as melanoma, which show also alterations in the normal cell growth program and survival time (18) . In such a scenario mitogen-activated protein kinases (MAPKs, serine threonine kinases) seem to play an important role. MAPKs form a large family of serine-threonine protein kinases conserved through evolution. In mammalian cells, four distinct MAP kinase cascades have been identified: extracellular signal regulated kinases (ERK 1/2), c-Jun amino-terminal kinases (JNK), or stress-activated protein kinases (SAPK), p38 MAP kinase (p38). ERK 1/2 is a member of Ras/Raf/Mek/ERK mitogenactivated protein kinase signalling pathway that regulates cell survival, proliferation and differentiation process following transmission of a wide variety of extracellular stimuli from the cell surface to the nucleus. Like ERK 1/2, p38 MAP cascade regulates a variety of cellular response associated with inflammation, cell differentiation, cell growth and death (19) . The role played by different signal transduction molecules in the control of cell survival is the subject of intense discussion. The p38 pathways are activated in response to different apoptotic stimuli and seem to play a decisive role in this process. On the other hand the ERK cascade is one of the major kinase pathway involved in cell survival. The balance between these two MAPK pathway has been proposed to determine the cell fate (20) .
Since research in melanoma cancer therapy is focused on the discovery of novel drugs able to reduce its proliferative capacity and induce terminal differentiation, in this study we have investigated the anti-proliferative activity of chrysin in murine (B16-F1) and human (A375) melanoma cell lines; moreover we identified specific markers of melanoma cell differentiation and the expression level of MAPKs (p38 and ERK 1/2) following treatment. In the present study, we investigated also if the anti-proliferative activity of chrysin is associated with apoptosis. We found that chrysin treatment promotes apoptosis through activation of caspase cascade and that p38 signalling pathway plays a crucial role in this model.
Materials and methods
Cell cultures and treatments. B16-F1 mouse melanoma cell line and A375 human melanoma cell line were purchased from American Type Culture Collection. The cells were grown in RPMI-1640 medium supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) L-glutamine, 100 U penicillin and 100 μg/ml streptomycin at 37°C in a humidified atmosphere with 5% CO 2 . The cells were passaged twice weekly. Chrysin was diluted in methanol at the final concentration of 10, 25, and 50 μM; the compound was added to the cells in complete medium after 24 h of growth. As solvent control, cells were treated with methanol. The cells were washed with PBS after different times of treatment, and harvested by centrifugation after trypsinization.
Protoporphyrine IX (PpIX) analysis of melanoma cells treated with chrysin. B16-F1 and A375 cells were seeded at a density of 1x10 4 cells/ml in 24-well plates. Cells were treated as previously described, after 24, 48 and 72 h incubation cells were washed with PBS, harvested by trypsinization, centrifuged and resuspended in paraformaldehyde (PFA) 1%. Samples were incubated at least 30 min in the dark at 4˚C, then the samples were analyzed on a FACScalibur flow cytometer using the 488 nm line from an argon laser (BectonDickinson, Mountain View, CA). A total of 10,000 cells were analyzed for each sample; scattering properties as well as fluorescence emitted from the cells at 670 nm, were measured.
Caspase-3 activity colorimetric assay. B16-F1 and A375 cells were seeded at density of 2x10 4 cells/ml in 24-well plates. After 24 h cells were treated with chrysin at concentration of 10, 25 and 50 μM. After 24 h of treatment and incubation at 37˚C and 5% CO 2 , cells were washed with PBS, harvested with trypsin and cetrifuged. The caspase-3 assay was performed with a caspase-3 assay kit (Sigma-Aldrich, Milan, Italy). Lysates were incubated at 37˚C for 2 h. Absorbance at 405 nm was determined using a microtiter plate reader and the changes in caspase-3 activity of chrysin-treated melanoma cells were determined as fold control treated cells (equals 1.0). Addition of caspase-3 inhibitor (DEVD-CHO; 50 nM) was used to confirm specificity.
Western blot analysis. B16-F1 and A375 cells were seeded at a density of 1x10 4 cell/ml in 6-well plates and treated with chrysin as previously described for 24 h. After the treatment time, cells were washed, collected by trypsinization and used to obtain total cell lysates or purification of mitochondrial fraction. To separate the mitochondrial fraction a Mitochondrial Isolation kit (Pierce, Rockford, IL) was used. Cells were suspended in lysis buffer according to the manifacturer's instructions. To obtain total cell lysates, cells were suspendend in RIPA lysis buffer [1% nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 0.01 M sodium phosphate (pH 7.2), 2 mM EDTA, 50 mM sodium fluoride, 0.2 mM sodium vanadate and 100 units/ml aprotinin]. After 1.30 h on ice, the cell lysates were cleared by centrifugation at 13,000 x g for 15 min and the resultant supernatant was used or immediately stored at -80˚C. To estimate protein concentration of both total cell lysate and mitochondrial lysates the Bradford assay (21) was used. Forty micrograms of the protein lysates were subjected to sodium dodecyl sulphate electrophoresis on 12% polyacrylamide gels (SDS-PAGE) and the separated proteins were transferred to PVDF membrane. The blot was blocked in blocking buffer (5% BSA/ 0.1% Tween 20; in TBS pH 7.5) for 2 h at room temperature. The level of protein expression in each sample was detected using specific monoclonal and polyclonal primary antibodies diluted in 1% BSA/0.1% Tween 20 in TBS pH 7.5 solution overnight at 4˚C: antibodies against phospho-p38 (Thr180/ Tyr 182), phospho-MAP kinase 1/2 (pTEpY), active caspase-3 (p17 fragment) were purchased from Prodotti Gianni SpA (Milan, Italy); antibodies against PBG-D (A-16) and ·-tubulin (4G1) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz CA, USA); antibody anti-Bax was purchased from Sigma-Aldrich (St. Louis, USA). Then the membranes were incubated with anti-mouse or anti-rabbit secondary antibodies horseradish peroxidase (HRP) conjugated and detected by chemiluminescence using the enhanced chemiluminescent substrate from Pierce (Rockford, IL) according to the manufacturer's instructions. Melanoma cells were seeded at density of 1x10 4 cell/ml in 6-well plates. After 24 h of growth, cells were treated with 50 μM chrysin or with 10 μM SB 203580; moreover chrysin was used in combination with SB 203580. After 48 h treatment, adherent cells were washed with PBS, collected by trypsinization and centrifuged. To separate the mitochondrial fraction, the Mitochondrial Isolation kit was used according to the manifacturer's instructions.
DAPI staining and localization of chrysin in melanoma cells
by fluorescence microscopy. A375 and B16-F1 cells were seeded on a glass cover slip in 6-well plates and incubated with fresh RPMI-1640 supplemented with 10% fetal bovine serum for 24 h prior to treatment. The cells were treated with chrysin in the medium at the concetration on 10, 25 and 50 μM. After incubation for 24 h, cells were fixed with PFA 4% for 20 min in the dark at room temperature. Nuclei were counterstained with DAPI (1 μg/ml in PBS) and their fluorescence was monitored at 461 nn, while the autofluorescence from the flavonoid was monitored at 530 nm, in a Leica DM-IL phase contrast microscope. The images were taken with a Leica DC-300 camera at a magnification of x100 and analyzed with Leica Image-Manager 500 software. (Fig. 2) showed a dose-dependent decrease of cellular density in the culture treated with different concentrations of chrysin. Moreover, a clear morphological change of cells was detected, since the treatment induced the formation of dendritelike projections, which gave a star-like shape to the cells compared to rounded untreated cells. This effect was more evident with the increase of treatment time and concentration. Similar results were obtained for A375 cells regarding cellular density, but generally morphological changes were less evident than those obtained in B16-F1 cells (data not shown). Further phenotypic alterations were observed through cytofluorometric analysis of both treated melanoma cell lines. A change in light scatter properties of B16-F1 and A375 cells treated with chrysin was detected. In particular, a decrease of FSC (forward scatter) mean values with respect to the solvent control was observed; at the same time, SSC (side scatter) mean values increased strongly following the treatment. In Fig. 3 results relative to the treatment with a 50 μM concentration for 72 h are shown. These effects were time-and dose-dependent (data not shown).
Results

Chrysin induces phenotypic alteration and morphological change in melanoma cells. B16-F1 cell analysis by digital images
Chrysin treatment induces accumulation of protoporphirin IX (PpIX) and alteration in expression of porphobilinogen diaminase (PBG-D) in melanoma cells.
The morphological changes observed by light microscopy and the phenotypic changes highlighted by flow cytometer analysis suggested that treatments with chrysin induce differentiation in melanoma cells. To confirm this hypothesis the production of PpIX following chrysin treatments was investigated. In recent studies it has been suggested that cellular differentiation is related to an increase of intracellular PpIX; this compound is synthesized during heme biosyntesis and considered a differentiation marker for some cancer cell lines, including B16-F1 cells (22) . As shown in Fig. 4 , PpIX accumulation was enhanced following an increase of concentration of compound for both B16-F1 ( mechanisms underlying the effects observed following chrysin treatment, the alterations in the state of activation of two MAPKs such as, the extracellular signal-regulated kinase (ERK1/2, p44/p42), and p38 were analyzed. Apoptosis signalling pathway was also investigated. The effects of chrysin on ERK 1/2 and p38 phosphorylation in both melanoma cell lines after 24 h treatment are shown in Fig. 6 .
As showed, chrysin treatment altered the state of activation of ERK 1/2 in a dose-dependent manner resulting in a moderate to complete inhibition. On the other hand, chrysin treatment increased the phosphorylation state of p38 MAPK in a dosedependent manner. ·-tubulin levels were used as an internal protein control. To understand if chrysin induce programmed cell death, both the sub-cellular redistribution of Bax and the state of activation of caspase-3 were analyzed. Western blot analysis showed a different sub-cellular localization of Bax comparing chrysin treated and untreated melanoma cells (Fig. 7) . After 24 h of treatment there is a relocation of Bax in the mitochondrial fraction. All the concentrations of chrysin increased the expression of Bax in the mitochondrial fraction compared with the control in both cell lines analyzed. As can be observed from Fig. 7 , the increased expression of Bax in the mitochondrial fraction corresponded to a decrease in the cytoplasmic fraction. However, the level of expression of Bax in the total cell lysate does not vary between untreated control and the different treatments; these data showed that after treatment with chrysin there is no increased synthesis only redistribution of Bax. The state of activation of caspase-3 was measured both with a colorimetric assay and by Western blot analysis (Fig. 8) . In both tests an increase in activity of this enzyme was noted in a dose-dependent manner, both in human and murine melanoma cells. The colorimetric assay of caspase activity (Fig. 8A) showed an increase of about 20 and 15 times upon treatment with 50 μM chrysin in B16 and A375 cells, respectively. Trypan tests showed a recovery of cell growth after cotreatment at all the treatment times (Fig. 9 ). This effect is most evident after 24 h of treatment in both cell lines. The presence of the p38 inhibitor restores the survival rate of 73% and 78% compared with 40% growth achieved following treatment with 50 μM chrysin in B16-F1 and A375, respectively. After 24 h of co-treatment a change in localization of Bax compared to the data obtained after chrysin treatment (Fig. 10 ) in both melanoma cell lines was also observed. The increased expression of Bax in the mitochondrial fraction after chrysin treatment was reduced when cells were treated also with p38 inhibitor (Fig. 10) . Accordingly, co-treatment with 50 μM chrysin and 10 μM SB203580 increased levels of Bax in the cytosol.
DAPI staining confirmed the induction of apoptosis and identifies sub-cellular location of chrysin in B16-F1 and A375 melanoma cells.
The images obtained by fluorescence microscopy also confirmed the hypothesis of induction of apoptosis. Apoptotic cells have condensed nuclear chromatin with or without apoptotic bodies. In Fig. 11 , typical features of apoptotic nuclei can be seen, such as apoptotic bodies in the treatments with 25 and 50 μM chrysin compared to control cells. These images also serve to localize chrysin in treated melanoma cells; in fact the blue fluorescence of DAPI overlapped with the green autofluorescence of chrysin because Figure 10 . The effect of chrysin and p38 inhibitor (SB203580) on Bax redistribution in B16 and A375 cells following treatment for 24 h. Cells were incubated with or without the compound using 50 μM chrysin and 10 μM SB203580: lanes 1 (10 μM + 50 μM), 2 (50 μM). After treatments, total and subcellular cell lysates were prepared and subjected to SDS-PAGE followed by Western immunoblotting as described in the Materials and methods. Distribution of Bax was analyzed with its corresponding antibody. The data presented here are from a representative experiment repeated 3 times with similar results. cyan blue fluorescence was observed in merged images. Therefore chrysin was incorporated into melanoma cells, and accumulated in the nucleus. It can not be defined from the data whether the transportation of chrysin is conveyed through the cells in the nucleus.
Discussion
Epidemiological studies have provided data indicating that high dietary intake of flavonoids could be associated with a low cancer prelevance in human. This is supported by multitude of in vitro and in vivo studies, which show that flavonoids may inhibit various stages in carcinogenesis, namely tumor initiation, promotion and progression through many mechanisms (1) . The ways in which flavonoids may act as chemopreventive agents can be divided into three distinct mechanisms: i) prevention of carcinogen metabolic activation, ii) prevention of tumour cell proliferation by inactivation or down-regulation of pro-oxidant enzymes or signal transduction enzymes, iii) by inducing tumour cell death (apoptosis) (24). The uptake and the level of metabolism of flavonoids in cancer cells played a central role in the mechanism of action of specific flavonoids. It is clear that uptake of flavonoids into cells is dependent on both the flavonoid, and perhaps more importantly, the cell type (25) .
In the present study, it was demonstrated that chrysin specifically accumulated into the nucleus of melanoma cells, but the data obtained do not allow to define if the transportation of chrysin is conveyed through the cells into the nucleus. A recent study demonstated that two flavonol aglycones, such as kaempferol and ginestein, accumulated into the nucleus of Hepa-1c1cf cells (26) . Previously Walgren et al (27) have been observed that flavonol aglycones easly cross cellular and nuclear membrane through passive diffusion but not endocytosis. Moreover, several studies showed that some flavonoids are able to bind aryl hydrocarbon receptor (AhR), which is a cytosolic protein. The activated AhR then translocates to the nucleus where it heterodimerizes with a protein partner (28) . Different studies demonstrated that aryl hydrocarbon also can activate different MAP kinase cascades, such as p38, JNK and ERK 1/2. Generally, substrates for AhR are planar aromatic compounds with few bulky substituent groups. Flavonoids have a chemical structure similar to the planar substrates for AhR, this similarity allow flavonoids to bind to AhR and induce its activity. This activity might partially explain the potential chemoprotective effects of flavonoids (29) .
In a previous study we have demonstrated that chrysin have anti-proliferative effects on human and murine melanoma cells in a dose-and time-dependent manner (8); moreover we demonstrated that chrysin induces a block of cell cycle in G 0 /G 1 phase and an increment of cells population in Sub-G 0 phase. In the present study we investigated the molecular pattern activated after chrysin treatments. The results indicated that chrysin induced cell differentiation in human and murine melanoma cells. Morphological changes were more evident in B16-F1 than in A375 cells, in fact, following incubation, B16-F1 cells showed a flattened appearence with a spread-out darken cytoplasm and extended dendrites, while the control cells appeared with a spindle-like or spherical shape form. Morphological alterations were also revealed through flow cytometry analysis. Treated melanoma cells exhibited subtle reduction of FSC compared to the control, indicating that the incident light was absorbed rather than transmitted through the cells; this is presumably due to cell size reduction or to the presence of other cellular components that absorb incident light, such as apoptotic bodies or an increased number of melanosomes. On the contrary, a high increase of SSC, indicating a raised granularity in melanoma treated cells, was observed. It is well known that some melanoma differentiation agents, such as 5,7-dime-thoxycoumarin (30), stimulate dendricity and melanogenesis after blocking cells in the G 0 /G 1 phase similarly to tested compound. A less significant change in cellular shape was observed also in the treated A375 cell line. As a further marker of differentiation, we monitored the production of PpIX. PpIX is a photosensitiser compound synthesized and localized in the mitochondria as intermediate molecules in the heme biosynthesis pathway, of which 5-aminolevulinic acid (ALA) is the first intermediate (31) . The treated melanoma cells emitted a PpIX fluorescence higher than untreated cells probably due to a synthesis increase and intracellular accumulation of PpIX during chrysin treatment. Cancer cells in vitro and in solid tumours have been reported to exhibit an enhanced capacity for PpIX syntesis facilitated by the administration of the prodrug-5-aminolevulinic acid (22) . It has been reported that during the process of differentiation there is an increased accumulation of PpIX in different cell lines, such as prostate cancer cells (32) , melanoma cells (33) and keratinocytes (34) . It is known that most types of malignant cells accumulate more ALA-induced PpIX than the normal cells from which they arose and that changes in differentiation state are celltype specific. Furthermore, the relationship between tumour cell differentiation and photo-sensitizer accumulation is poorly defined (35) . Some differentiation agents, such as butyrate, did not enhance PpIX accumulation whereas others, such as hexamethylene bisacetamide (HMBA) and methotrexate, did (22, 36) . Following the treatment of melanoma cells with chrysin an increase in the expression of PBG-D was also noted. PBG-D is a key enzyme in heme biosyntesis and it is expressed as two isoforms, a housekeeping isoform present in all cell types and a second isoform expressed only in erythroid cells (37) . Greenbaum et al (38) showed that overexpression of the human housekeeping PGB-D has been found to induce C6 glioma cell differentiation toward astrocytes. Ickowicz Schwartz et al (22) demonstrated that stimulation with HMBA induced melanocytic differentiation accompained by a prominent increase in total PBGD as well as an increase of PpIX. Systemically applied porphirin derivates are currently used for the treatment of tumours by photodynamic therapy (PDT). A new method involves the use of endogenous protoporphirin IX induced by 5-ALA. PDT is now a well-established treatment for both neoplastic and non-neoplastic disease that is based on the administration of a light-activated drug (sensitizer) followed by laser illumination of pathological areas (39) . The tumor-selective effects of the PDT are based on the preferential uptake, accumulation and retention of the photosensitizer in the tumor, thus PDT induces the destruction of the tumor without causing longterm damage to normal cells (40) . A combination therapy using a differentiation agent that specifically enhances PpIX production in cancer cells and PpIX precursor could be very useful, because tumour eradication with ALA-PDT is not always obtained. Based on this premise, our data are particularly interesting, although more studies are needed to establish the interaction between chrysin and ALA-PDT.
With the aim to elucidate the mechanism by which chrysin reduced proliferation and induced differentiation in treated melanoma cells, we focused our attention on the phosphorylation status of ERK 1/2 and p38 following treatment. Using Western blot analysis, we detected a reduction in the phosphorylation of ERK 1/2, following incubation of melanoma cells with chrysin; the inhibition of the MAPK activation was dose-dependent and these data were in accordance with Trypan blue assay results, since reduction of ERK phosphorylation by the treatment caused growth reduction and differentiation. It has been reported that Ras/Raf/MEK/ ERK pathway is constitutively activated, following mutation in the catalytic domain of these protein kinases, in a high percentage of human melanoma cells; particularly, an activating mutation of B-Raf that induces a constitutive phosphorylation of ERK has been detected in 66% of human melanomas (41) . It is known that the treatment of melanoma cells with either U0126 (MEK 1 inhibitor) or PD098059 (MEK 2 inhibitor) causes an inhibition of cell growth and a reduction in levels of matrix metalloproteinase MMP-1 and MMP-2, involved in tumor cell invasion, demonstrating that activation of ERK is an important event in melanoma development (41) . Based on this assumption, the MAPKs of Ras/Raf/ MEK/ERK signalling pathway are considered key molecular targets of novel therapy in melanoma cancer research and several agents that target this pathway are already undergoing clinical testing (42) . Many studies using pharmacological inhibitors of MEK have indicated that ERK can modulate mitochondrial function, particularly those associated with cell death. For example, ERK signaling appears to promote mitochondrial ATP syntase function in glucose-deprived astrocytes, to maintain mitochondrial membrane potential and prevent cytochrome c release (19) and to inactivate the proapoptotic protein Bad (43) . p38 MARK group in mammals is represented by four isoforms (p38·, p38ß, p38Á and p38‰) with overlapping but also distinct physiological roles (44) . Activated p38 MAP kinase regulates the activity of a wide range of protein kinases (MAPKAPK2, MNK1, PRAK, MSK1), transcription factors (CHOP, p53, ATF-1/2/6, Sap1, MEF2, ELK1 and others) and some other proteins, which then further regulate the activity of their targets. This complicated network of interacting proteins is responsible for different cell activities, such as apoptosis, cell cycle arrest, cytokine production, cell differentiation, cell senescence and tumour supression (45) . p38· and/or p38ß were found to play an important role in cell differentiation for several different cell types. The transcription factors C/EBP, CREB, and MEF2C were suggested to be downstream of the p38 pathway and would participate in the process of differentiation (46) . Using Western blot analysis, we detected an increment in the phosphorylation of p38; the activation of the p38 MAPK was dose-dependent and the data were in accordance with Trypan blue assay results. There are some evidence for pro-apoptotic and anti-apoptotic role of p38 MAPKs, depending on the cell type and the stimuli (47, 48) . The ways by which p38 contributes to an enhanced pro-apoptotic response include different mechanisms such as the phosphorylation and translocation from the cytosol to mitochondria of proteins from the Bcl-2 family, such as Bax, which leads to the release of cytochrome c from the mitochondria (49) . Western blot analysis showed that following chrysin treatment the activated Bax became concentrated within the mitochondrial fraction and was reduced in the cytosolic one. To explore a potential link between p38 phosphorylation and Bax activation, melanoma cells were pretreated with a selective inhibitor of p38 (SB203580) prior to chrysin treatment. The results revealed that when p38 phosphorylation was pharmacologically inhibited, chrysin failed to initiate a significant change in Bax activation and translocation. The mechanism by which p38· induces Bax activation is presently unknown. Most recently, Bax activation has been demonstrated in hepatoma cell lines via p38-dependent phosphorylation, however, it is still unclear whether p38 and Bax can directly interact with each other (50) . Bax translocation to the mitochondria has been shown to reduce mitochondrial membrane potential, enhance cytochrome c release from the mitochondria, thus activating the caspase cascade (51) . The results obtained from both the Western blot and the colorimetric assays showed an increase in the activity of caspase-3, confirming that activation of p38, after chrysin treatment, modulates the cellular localization of Bax and the subsequent activation of programmed cell death. In viable cells a substantial portion of Bax is monomeric and found either in the cytosol or loosely attached to membranes. Following a death stimulus, cytosolic and monomeric Bax translocates to the mitochondria where it becomes an integral membrane protein and cross-linkable as a homodimer (52) . Caspase-3 is a key factor in apoptosis execution, once activated this protein breakdown or cleave key cellular components that are required for normal cellular function including structural proteins in the cytoskeleton and nuclear proteins such as DNA repair enzymes. The caspases can also activate other degradative enzymes such as DNases, which begin to cleave the DNA in the nucleus (53) . The induction of apoptosis after chrysin treatment was confirmed also by DAPI staining and fluorescence microscopy analysis. Melanoma cells treated with chrysin showed the typical feature of apoptotic nuclei with the presence of apoptotic bodies in treated-cells compared to control.
In conclusion, the present study demonstrated that chrysin induces cell death in human and murine melanoma cells through caspase-dependent mechanisms, involving downregulation of ERK 1/2, and activation of p38 MAPK. Activation of the apoptotic pathway has been related to a rapid p38 MAPK activation and intracellular redistribution of pro-apoptotic Bax protein to mitochondria. Induction of cell death may be a promising therapeutic approach in cancer therapy. Although flavonoids have been studied for about 50 years, the cellular mechanisms involved in their biological activity are still largely unknown. The modulation of drugmetabolizing enzymes by flavonoids is important in terms of human health, since these enzymes can inactivate carcinogens, which contributes to cancer preventive properties of these compounds. Additionally, flavonoids may also interact whith chemotherapeutic drugs used in cancer treatment through the induction or inhibition of their metabolism. Our results suggest that chrysin may be considered a potential candidate for both cancer prevention and treatment. Further investigation is needed to validate the contribution of chrysin in tumour therapy in vivo.
